The behavior of humans jumping and bobbing on flexible structures has become a matter of some concern for both structural integrity and human tolerance. The issue is of great importance for a number of structure types including stadia terraces. A unique test rig has been developed for exploring the forces, accelerations, and displacements that occur when a human subject jumps or bobs on a flexible structure where motion can be perceived. In tests reported earlier, it was found that the subject is able to generate near resonant structural response but it is extremely difficult, if not impossible, to jump or bob at or very near to the natural frequency of the structure when its vertical motion is significant. Also, under such near-resonant conditions, the force developed by the subject was found to drop significantly. In this paper, the effect of altering the subject-to-structure mass ratio and the damping ratio of the structure on these phenomena is presented. As would be expected, it is shown that as the structure becomes more massive and more highly damped it moves less for nominally the same excitation. In this situation, it becomes easier to jump and bob near to resonance and the degree of force dropout reduces, although it is still significant for even the most massive and highly damped case considered. A method for including these effects of human-structure interaction in a load model for dynamic response calculations is then proposed.
Introduction
The behavior of humans when moving and imparting dynamic loads on flexible structures has become of considerable interest and concern to engineering designers over recent years. In a drive for cost reduction, efficiency of design, and the enhancement of human aesthetic perception, value engineering processes and innovative architectural schemes mean that many modern structures are now designed to be more slender, and as a consequence, more flexible. Such structures can be, and often are, prone to dynamic excitation by sudden or rhythmic human motions.
In addition to floors, staircases, and footbridges, stadia seating decks of permanent grandstands are a key area in which problems may arise ͑Reid et al. 1997; SCOSS 2001͒. Many new designs incorporate flexible cantilever tiers to give their occupants a closer view of the event taking place while also providing an unobstructed, column-free view to those spectators beneath. The lowest natural frequencies of such structures are typically of the order 2 -6 Hz and lie within the range that can be excited by rhythmic human movements. If any excitation frequency associated with human motion matches or is close to one of the structural natural frequencies then a resonant situation may arise and generate significant levels of vibration that are uncomfortable or worrying for spectators. This may be to such an extent that panic may ensue.
These structural developments have also been accompanied by changes in the nature of crowd motions. Stadia are now frequently used as multipurpose venues hosting livelier events such as pop concerts to increase nongame day revenue. Sports crowds are also notably more energetic, with music often being played during breaks in the play to liven the fans up. Furthermore, organized vandalism, in which a stand is deliberately excited, is also a concern. As a result, dynamic crowd loading is potentially becoming more synchronized, often with a musical beat to aid coordination between individuals, and of a greater magnitude than encountered before. The risk of resonant excitation is therefore appreciably greater on the growing number of low-frequency, flexible seating tiers and assessment of the likely dynamic performance of both existing and new structures, to ensure spectator safety and comfort, is a task that must now be carried out by engineers.
There are currently two methods available for assessment of new structures. The first involves calculating, using a suitable finite-element or similar analytical model, the natural frequencies and mode shapes of the unoccupied seating tiers. The lowest val-ues obtained with mode shapes involving notable modal displacements of the terracing areas are compared with natural frequency threshold values quoted in a number of design guidance documents ͑Bachmann et al. 1995; BSI 1996; Culley and Pascoe 2005; HMSO 1999; IStructE 2001; NRC 1995͒ which vary according to the type of events that the venue is to be used for. If the natural frequencies of all the relevant modes of the structure lie above the given threshold for the particular usage type, the structure is deemed unlikely to suffer from rhythmic human excitation as its modes lie outside the frequency range in which humans can generate significant dynamic loading. If, on the other hand, a mode has a frequency that lies below the threshold value then the structure will need to be stiffened or else the second method, a "performance-based" analysis, is necessary for assessment purposes.
Performance-based assessment involves the calculation of dynamic responses, typically accelerations, under crowd-induced dynamic loading. This is a significantly more complex calculation than the natural frequency approach and requires the anticipated dynamic loading due to crowd motions to be identified for a given event and applied to an appropriate model of the structure. The resulting maximum dynamic response level is calculated and compared to vibration thresholds, from a suitable code or guidance document ͑Bachmann et al. 1995; BRE 2004; BSI 1987 BSI , 1992 Culley and Pascoe 2005; Ellis and Littler 2004; ISO 1997; NRC 1995͒ , that are considered acceptable for humans. Unlike the natural frequency approach, which is recognized as a coarse grained and indirect method for limiting levels of vibration response ͑IStructE 2001͒, a performance-based calculation takes the nature of the loading into account as well as the damping within the structure and as such is a potentially more valuable tool to the engineer when attempting to refine and reduce costs in design. There is at present, however, no unified global approach to the dynamic response calculation. Documented procedures, where they exist in codes and guidance ͑Bachmann et al. 1995; BRE 2004; BSI 1996; Culley and Pascoe 2005; NRC 1995͒ often yield unrealistically high levels of vibration which give little or no useful information to the designer.
To address this issue, a Joint Working Group was established in the United Kingdom by the Institution of Structural Engineers ͑IStructE͒, the Department of Communities and Local Government ͑DCLG͒, and the Department of Media, Culture and Sport ͑DCMS͒ to review current design methods, promote and encourage further research in the field, and in due time, produce new recommendations for engineers working on permanent grandstands. Two of the authors are members of the Group. So far, an interim guidance document has been produced ͑IStructE 2001͒ which specifies natural frequency thresholds for vertical modes of the structure and a lateral load, as a percentage of the design vertical live load, which is applied statically to the structure to assess horizontal strength and stability due to dynamic crowd loads. At this time, recommendations for a performance-based analysis methodology are still being developed ͑Dougill 2005͒ as research studies are ongoing in a number of areas to make such a calculation more valid and hence of worth to a practicing engineer.
One of these key research areas is that of establishing a suitable representation of loading due to "active occupants" on the stand. That is, the loads generated by those occupants that are engaged in actively exciting the structure through their body motions as opposed to "passive occupants" that are simply sitting or standing and providing no deliberate excitation force. A range of motions have been observed at stadium events in which the occupants impart vertical and horizontal dynamic loads onto the structure. However, vertical jumping and bobbing are often the largest in magnitude and the most commonly encountered on grandstands, certainly in the United Kingdom and Europe. Jumping, occasionally referred to as hopping, is defined as a two footed vertical motion of a human body where both feet separate from the supporting floor for a period during the motion's cycle. Bobbing, sometimes referred to as bouncing or jouncing, is a similar motion but differs from jumping in that contact of both legs is maintained with the structure at all times.
A convenient way of representing loads produced by individuals or groups in periodic activities such as jumping and bobbing is to express them as the Fourier coefficients of the force-time history normalized by the weight of the person or persons participating ͑Bachmann and Ammann 1987͒. These so called "dynamic load factors" ͑DLFs͒ are the magnitudes of the sinusoidal harmonic force components at integer multiples of the base activity frequency that, when added together with the correct phase angles, will recreate the original force time-history. They are calculated using Fourier analysis under the assumption that the force-time history is perfectly periodic.
A variety of experimental studies have been carried out to find representative DLFs for individuals and groups jumping and bobbing. Willford ͑2001͒ collated and plotted DLFs for single person and small group jumping based on results from the most prominent experimental studies that had been carried out up until that point. Plots of load factor values, given in the then current codes and guidance documents for crowd activities involving vertical motions, are also presented which essentially remain unchanged to this day. It is worth noting that no significant reference to bobbing is made in Willford's paper as research work had focused primarily on jumping type activities that generate "worst case" human forces of the largest magnitude. Bobbing has since been recognized as a motion that can be maintained more easily by individuals, and therefore synchronized by groups, at a wider range of frequencies than jumping. In addition, it is more likely to occur at venues hosting less energetic events. On high tiers with a significant slope, occupants may also feel more at ease bobbing than jumping for fear of falling. For these reasons, human bobbing has recently been identified as a human-induced dynamic loading which is as important as jumping and which may need to be considered in a performance-based analysis. This is why research attention has been given not only to jumping ͑Parkhouse The common denominator for all of the experimental work referenced above is that the tests reported were carried out with humans either jumping or bobbing on rigid force plates or instrumented high-frequency beams or floors. The results, therefore, do not give any information about the effects of structural motion on the forces produced by humans. In reality, a stadia grandstand will respond, sometimes considerably, under dynamic crowd loading and it is therefore necessary to consider human-structure interaction, which is, in the first instance, used to describe the effect that "passive" human occupancy can have on the modal properties of the structure and, in the second instance, the effect that structural movement has on the forces that can be produced by "active" humans. Such effects are borne out of the fact that humans cannot simply be treated as added mass or loading to a structure but behave as complex dynamic systems. Evidence of this can be seen in the literature where mass-spring-damper systems have been, to some extent, successfully used to represent the human element in passive or active human-structure interaction problems and reproduce key phenomena observed in laboratory tests on flexible supports ͑Dougill et al. 2006; Matsumoto and Griffin 2003; Sachse et al. 2002; Wei and Griffin 1998͒. It was the latter of the two aspects of human-structure interaction described above that prompted studies by Yao et al. ͑2002, 2004 at the University of Manchester in the United Kingdom to examine the effects of structural movements on the forces and responses generated when a single person jumps or bobs. The studies were completed on a specially constructed platform with a flexible support arrangement that permits the natural frequency to be varied in addition to the mass and damping. The platform is restrained to move in the vertical direction only and, as such, essentially behaves as a single degree of freedom vibrating system akin to a single mode response of a real stadia terrace.
The tests were carried out with a single male subject ͑Dr. Yao͒ jumping and bobbing in time to a metronome at a range of excitation and platform frequencies. During each test, the forces and responses generated were measured and analysis of the results showed significant evidence of human-structure interaction. For the platform configuration considered ͑subject-to-platform mass ratio of 0.41 and damping ratio of around 1-2% critical-typical values that could be expected for a grandstand terrace which is fully occupied by active spectators͒, it was found that it was extremely difficult if not impossible to jump or bob at or near to the platform natural frequency and so the true resonance peak was never reached-the maximum response achievable for each case was around 2.1g for jumping ͑Yao et al. 2006͒ and 1.4g for bobbing ͑Yao et al. 2004͒ . In addition, the contact force applied by the subject showed a marked reduction in the near resonance region for both jumping and bobbing. At the time, it was believed that these effects were due to the relatively high subject-toplatform mass ratio and low platform damping ratio. To confirm this conjecture, a series of tests have since been performed with higher structural mass and damping values for both jumping and bobbing. The results of these tests are presented in this paper along with a proposal for a simplified methodology to represent the effects of structure flexibility in a single person load model.
Test Rig
The test rig at the University of Manchester houses two flexible platforms ͑Fig. 1͒ for investigation of the dynamic loads and responses that can be generated by the motions of a single test subject. The first is restrained to move in the vertical direction only, whereas the second is restrained in a single horizontal direction. This paper examines human vertical jumping and bobbing and therefore discussion will be limited to results obtained on the former. Tests carried out on the horizontal platform are presented in another paper ͑Yao et al. 2005͒ .
The vertical platform construction and instrumentation are described in significant detail elsewhere ͑Yao et al. 2002, 2004, 2006͒ and so only the main features will be summarized here.
Platform Design
A schematic of the platform is shown in Fig. 2 . A support structure carries vertical rails upon which the platform slides up and down on linear bearings with low friction. The stiffness required to provide a restoring force to the platform when it moves up or down is provided by a high tensile steel cantilever spring with an adjustable sliding prop support used to vary the natural frequency ͑between 1.5 and 16 Hz͒. To prevent serious injury if the test subject were to fall while jumping or bobbing, the platform has a guard frame on each side.
For the new tests presented in this paper, the platform had to be modified to allow the addition of mass and damping as required. For the mass, this was achieved by placing steel slugs in tubes attached to the underside of the platform and bolting them in place. To augment the damping, linear viscous D-series dampers with a long stroke, provided to specification by Taylor Devices, were mounted as necessary between the platform and the frame ͑Fig. 3͒. 
Platform Instrumentation
The platform is instrumented such that the forces and responses generated by the test subject can be measured directly. The jumping or bobbing force is measured using an AMTI OR6-6 force plate which is embedded within the platform floor. To find the actual direct force imparted by the test subject, the inertia force associated with the acceleration of the 5 kg force plate mass is subtracted from the measurement. Vertical acceleration is measured using a Honeywell QA-700 seismic accelerometer, the corresponding displacement using an LVDT ͑model RDP DCTH-15000C͒ and data are acquired using a PC-based multichannel National Instruments system running LabVIEW software. Checks were performed prior to testing to confirm all the manufacturer's calibrations and the data acquisition setup. It should also be noted that the instrumentation has been deliberately chosen to operate down to zero frequency ͑DC͒ so as to avoid any amplitude and phase errors at the very low frequencies.
Preliminary Tests
A modal test using both an instrumented hammer and electrodynamic shaker was carried out for the previous studies by Yao et al. ͑2002, 2004 to determine the relationship between the platform natural frequency and the prop position. The test revealed that all modes other than the fundamental mode of the platform had natural frequencies that were significantly higher than the upper bound of the frequency range of interest. The behavior could therefore be assumed to be essentially that of a single degree of freedom ͑SDOF͒ system. A sample acceleration decay, that was initiated by hand rather than by a hammer or shaker, and corresponding Fourier series of the signal are shown in Fig. 4 .
The modal test also indicated the presence of some friction, particularly at lower levels of shaker force, and the variation of damping ratio with platform vibration amplitude was investigated. A sample result for mass and damping Configuration 1 ͑see Table 1͒ at a platform frequency of 2.25 Hz is shown in Fig. 5 for two free vibration tests, again initiated by hand, with different initial amplitudes.
A least squares curve fit can be applied to the data by firstly assuming a "friction" viscous damping coefficient c F depending on friction force F, angular excitation frequency and peak platform displacement x 0 and corresponding to friction damping as in Eq. ͑1͒ ͑Den Hartog 1956͒
This expression can then be manipulated to give a damping ratio which can be added to the underlying viscous damping ratio 0 of the platform. The sum gives an equivalent damping ratio eq that includes friction for the system as in Eq. ͑2͒ where n and m are taken as the angular natural frequency and mass of the empty platform, respectively 
Using this expression to curve fit the decay results in Fig. 5 , the underlying viscous damping ratio and friction force for the platform configuration considered were found to be 2% critical and 15 N, respectively. A simulation using a SDOF MATLABSimulink model of the platform then showed that the effect on the response of the friction value found was relatively insignificant compared to the large forces that could be generated by the subject when jumping or bobbing.
Platform Configurations
The previous tests reported by Yao et al. ͑2004, 2006͒ were carried out at a range of platform frequencies but with the mass set at 180 kg and with no additional viscous dampers attached. For the new tests described in this paper, the objective was to examine the effect of platform mass and damping on the phenomena observed in earlier tests and so six different mass and damper configurations were used with only a single empty platform natural frequency f p of 2.25 Hz. This platform frequency was chosen for a number of reasons. First, it was when the platform was set to natural frequencies close to this value that the most significant effects of human-structure interaction were observed by Yao et al. ͑2004, 2006͒ . Second, this is a typical frequency of a coupled global front-to-back-vertical mode of a grandstand or even a low vertical cantilever mode. Finally, this is a common tempo for modern music as deduced by Ginty et al. ͑2001͒ and a grandstand mode with a frequency around this value is likely to be excited significantly by crowd motions during a musical event.
The configurations are listed in Table 1 . Configuration 1 corresponds to that previously used by Yao et al. ͑2004, 2006͒ . From Table 1 it can bee seen that the new tests were carried out with two different platform masses of 180 and 360 kg ͑the current range possible with the rig͒. As the mass of the test subject was 75 kg, this implies subject-to-platform mass ratios ͑͒ of around 0.42 and 0.21, respectively, and these two figures fall within the range of typical values that have been calculated on real stadia grandstands ͑J. Dougill, unpublished Working Group communication, March 2006͒. For each platform mass, three different damper settings were used and the resulting underlying viscous damping ratios, estimated using the SDOF curve fit method described earlier, are shown in Table 1 . The lower damping ratio values may typically be expected for an empty steel or concrete stand, whereas the higher values may be possible if passive spectators were present, and thus adding damping to the structure, or if damping devices such as tuned mass dampers had been fitted to the structure. The reason why the damping ratios are smaller for the increased mass case, but using the same damping setting, is that the same damping coefficient is present with increased mass ͑m͒ and stiffness terms ͑k͒ which increase the critical damping of the system ͑c cr ͒ from Eq. ͑3͒ c cr = 2 ͱ km 
Test and Data Processing Procedure

Test Procedure
The procedure used for each of the new tests essentially followed that carried out by Yao et al. ͑2004, 2006͒ . Initially, the platform configuration was set by adding mass and viscous dampers as required. The prop was then positioned such that the natural frequency of the empty platform was 2.25 Hz. To check that the prop was positioned correctly, hand initiated free decays were recorded as in Fig. 4 and the frequency at which the peak in the corresponding Fourier series spectra ͑also shown in Fig. 4͒ occurred checked against the required platform natural frequency.
For each test, the subject aimed to jump or bob in time to a metronome set at any one of a range of target frequencies between 1 and 3.5 Hz for a period of 20 s. It is worth noting at this point that unlike jumping, where the energy input is difficult to vary ͑Sim et al. 2005͒ and is primarily governed by the air time required to sustain given jumping frequency, bobbing can be carried out at a range of energy levels by altering the amount of leg bending and arm movements involved. To give consistent results, the test subject was therefore asked to "borderline bob" using as much energy as possible without losing contact with the platform and beginning to jump.
Data Processing and Normalization
Force and response data were measured during each test using LabVIEW and then calibrated and postprocessed using a purpose written MATLAB code. A portion of each 20 s time-history, that corresponded to a nominally steady-state response, was then selected in MATLAB and transformed to give force and response spectra. One of the outcomes from the tests was that it was often not possible to achieve the jump or bob target frequency, f jT or f bT , and therefore an achieved frequency was defined, f jA or f bA , and identified by the first peak in the measured force spectrum.
In all the results presented in the following sections of this paper, force measurements are shown normalized to the test sub- ject's weight of 736 N and acceleration to the gravitational constant of 9.81 m / s 2 . Plots of new test results are limited to the first harmonic of jumping or bobbing force and platform acceleration, and to results at or near to the empty platform natural frequency allowing the important and interesting case of excitation at resonance to be investigated.
Results from Jumping Tests
Previous Results for Platform Configuration 1
The test results reported previously by Yao et al. ͑2006͒ showed several interesting features which will be restated here: 1. It was not possible for the test subject to jump at or near to the natural frequency of the platform; 2. Effects of resonance were seen when jumping at frequencies close to the natural frequency of the platform although the true peak response that would be expected at resonance was not achieved ͓maximum first harmonic acceleration of around 1.9g and maximum total acceleration of around 2.1g, from Yao et al. ͑2006͔͒; 3. The first harmonic of force applied by the subject dropped significantly in the region of jumping frequencies close to resonance; and 4. Similar effects were seen when the test subject jumped at around half the natural frequency of the platform. These effects occurred due to human-structure interaction and may be seen in Fig. 6 ͓reprinted from Yao et al. ͑2006͔͒ in which the first harmonics of normalized applied force and platform acceleration ͑to test subject weight and the gravitational constant, respectively͒ are plotted against the ratio f jA / f p for jumping on Configuration 1. The platform natural frequencies used are shown in the legend text and it can be observed that the most significant dropout effects are when the platform natural frequency has been set to 2 or 2.5 Hz. As such, the frequency for the subsequent tests presented in this paper was chosen to be between these values at 2.25 Hz.
To show the effect of structural flexibility on the forces produced by a single person, Fig. 7 compares first harmonic force results for the same person jumping on a rigid platform and flexible platforms ͑it should be noted that the results were generated after the tests presented in this paper and are for a different test subject with the platform set to Configuration 4 in Table 1͒ . In the left hand plot, where a 2 Hz platform is compared, it can be seen that there are clear differences between the rigid and flexible platform results in that the force drops out and the subject cannot jump at frequencies close to the platform natural frequency. For the right hand plot, the 4 Hz platform results show that the subject is able to jump through the whole range of frequencies but there is still a dropout present when they jump at half the frequency of the platform. Both plots support the conclusion that the dropout effect is due to human-structure interaction rather than variability of the results.
The most likely explanation for the inability of the test subject to jump at the platform natural frequency, and so achieve the peak resonant response, is that the structure motion is so significant that if it were any larger, the test subject, acting as a projectile in the airborne phase, would not land in time to maintain jumping motion at the required frequency. Typically, at such high levels of motion, any test subject is "forced" to abandon their prescribed jumping frequency and "switch" to the frequency which would result in the lower motion compatible with the given timing.
The reduction in applied force might be thought to be analogous to the phenomenon of force "drop out" experienced when using electro-dynamic shakers for modal testing. This is a feature that occurs due to the inertia of the shaker mass itself, which moves significantly with the test structure around resonance, if the subject is thought of as providing an inertial force excitation to the platform ͑Tomlinson 1987͒.
New Results for Platform Configurations 1-6
In Figs. 8 and 9 , the first harmonics of applied force and platform acceleration are plotted against f jA / f p for Configurations 1-6. As mentioned previously, the platform natural frequency was set to 2.25 Hz for all the tests. The left hand column of figures in each case refers to results from Configurations 1-3 with a subject-toplatform mass ratio of 0.42 and increasing damping ratio. The right hand column refers to results on Configurations 4-6 with the lower mass ratio of 0.21 and the same changes in damper setting.
By examining both Figs. 8 and 9, a number of changes may be seen to occur with increasing damping ratio, platform mass, and hence reduced platform movement: 1. The region of frequency where it is difficult to jump reduces and the test subject is able to generate more data points around the resonant region; 2. The degree of force dropout reduces although it is still significant for all the configurations tested; and 3. The peak of normalized acceleration reduces, is better defined, and demonstrates the presence of more damping. It should be noted that any damping value extracted from Fig. 9 would not equal the empty platform damping given in Table 1 . This is due to the influence of test subject when in contact over part of the jumping cycle. Likewise, the frequency at which the first harmonic acceleration peak response occurs would include the effects of the test subject.
To summarize the results in Figs. 8 and 9, the force "drop out factor" and normalized peak acceleration are plotted against the underlying viscous damping ratios for the structure with all six configurations in Fig. 10 . The drop out factor p is defined here as the minimum force at resonance divided by the value away from resonance where the force levels off ͑taken as typically around 1.4 times the subject's weight for jumping on all configurations as can be seen in Fig. 8͒ . Low values of dropout factor therefore imply that the depth of the force dropout trough is large and that human-structure interaction has a significant effect. Conversely, high values approaching 1 indicate a shallow trough. As an example, p = 0.6 would denote that the force has dropped by 40% of its value away from resonance.
For both mass ratios there is a slight reduction of dropout factor with increasing damping ratio followed by a rise as the damping ratio increases further. The minimum force values are therefore higher than would be expected for the two configurations with the lowest damping ratios ͑1 and 4͒ given that the values would be expected to rise monotonically with damping. This observation is most likely due to the test subject's inability to jump at resonance as can be seen in the top two plots of Fig. 8 which shows clear gaps where points could not be generated around this region. The dropout force never reaches the "true" minimum, were jumping at resonance possible, and therefore the values plotted for Configurations 1 and 4 are misleading. Likewise, the peak response values for Configurations 1 and 4 do not reach their true values because of the results gap present. Despite this result, the peak response can still be seen to reduce as both the platform mass and damping increase as would be expected.
For all the configurations tested, there is a significant dropout factor with values ranging from a minimum of 0.5 up to 0.65 for the most massive and heavily damped configuration. Such values could potentially be used to reduce the DLFs used in a performance-based calculation and hence the calculated response by up to 50% if the effects of human-structure interaction were considered. 
Results from Bobbing Tests
Previous Results for Platform Configuration 1
The equivalent bobbing results to those for jumping on Configuration 1 in Fig. 6 are shown in Fig. 11 ͑reprinted from Yao et al. ͑2004͒͒. In contrast to the results gap phenomenon observed for jumping ͑Fig. 6͒, it can be seen that the test subject was able to generate a few data points at frequencies close to the natural frequency of the platform. However, the levels of acceleration were notably lower than would be expected if the results followed a resonant peak ͑maximum first harmonic acceleration of around 1.3g and maximum total acceleration of around 1.4g from Yao et al. ͑2004͒͒. Similar to jumping, the most probable explanation for this is that the test subject experienced difficulty in achieving the target frequency at the high acceleration levels developed at resonance. So, rather than switch to a different bob frequency to attenuate the response, as was the case for jumping, the subject altered the style of bobbing away from borderline to reduce the amount of energy input in each bob cycle instead. This "reduced energy" movement has been noted by a number of test subjects to be easier when bobbing on the platform at resonance and work is currently underway to quantify this using video tracking of body markers attached to the test subject. A preliminary paper has been produced on the test setup with a sample result by Harrison et al.
͑2006͒.
As with the previous results for jumping in Fig. 6 , force drop out can be seen in Fig. 11 for bobbing frequencies around resonance. With more points present, the effect can be seen to be more dramatic than that for jumping on the same configuration and the lowest values of first harmonic force drop significantly to around only 20% of the values away from resonance.
New Results for Platform Configurations 1-6
Figs. 12 and 13 show equivalent bobbing plots to those in Figs. 8 and 9 for jumping on Configurations 1-6. It can be seen that, for Configuration 1, a resonance peak could be achieved at around 1.9g ͑Fig. 13͒. This is an interesting result given that, for the same configuration in Fig. 11 , the maximum first harmonic acceleration achievable was around 1.3g with no peak. It is therefore believed that over time, between the initial tests and the new tests presented in this paper, the test subject had "learned" to bob at resonance at higher levels of response without having to either switch to a different bob frequency or reduce the amount of energy input.
Similar changes with mass and damping, as noted for jumping previously, may be seen to occur in Figs. 12 and 13 when bobbing on Configurations 1-6 and Fig. 14 shows the summary of the results for dropout factor and normalized peak acceleration plotted together. Unlike the results for jumping, the true dropout was essentially achieved for the configurations with the lowest damping ratios ͑1 and 4͒ and therefore the dropout factor can be seen to increase, and the peak acceleration decrease, with platform mass and damping ratio as would be expected.
Again, for all configurations, the dropout factor is significant and ranges from as low as 0.15 for the lowest mass and damping configuration up to 0.6 for the highest levels of mass and damping. The dropout factors for the two higher damping settings are therefore very similar to those for jumping. Thus, allowing for this dropout for both jumping and bobbing could make a very significant difference to predictions of response in a performancebased calculation.
Allowing for Force Dropout in Performance-Based Calculations
It has been seen from the sample results in this paper that significant reductions in the predicted response in a performance-based calculation, for jumping or bobbing, may be possible if some method of taking into account human-structure interaction is employed. This could go some way to explain why current prediction methods have been seen to overpredict response levels significantly.
In terms of an actual grandstand, the results in this paper tend to represent a worse case in which the single test subject corresponds to a high proportion of spectators either jumping or bobbing in perfect synchronization with one another on a lowfrequency structure. As a consequence, large responses as high as 2.1g are reported. In reality, the response will be reduced by a lack of synchronization between active audience members and lack of participation by other passive members who in turn add damping to the structural system. The effective mass ratio will also reduce as the proportion of active participants decreases and the natural frequency of the structure is likely to be out of the frequency range of first harmonic excitation. The results presented here are therefore intended to demonstrate the phenomenon of dropout at a fundamental level rather than to present robust rules for use in design. However, this is not to say that a significant dropout of force will not occur in practice at lower levels of response.
One way of accounting for dropout in a performance-based calculation is to derive a mathematical model that represents a jumper or bobber using a mass-spring-damper dynamic system to solve the human-structure interaction problem. This is an area in which the writers of the paper are currently involved with and where work is underway ͑Dougill and Wright 2005; Dougill et al. 2006͒ . The results from the current model, which is presently limited to bobbing, have been shown to predict dropout at resonance indicating that this is a linear dynamic effect which will have relevance at a whole range of levels of vibration, not only at the large amplitudes presented in this paper.
An alternative simplified methodolgy could be to generate an idealized frequency-dependent "V-notch" curve for a given mass and damping ratio that can be used to multiply the DLFs from tests on rigid surfaces prior to using them in a performance-based calculation on a flexible structure. A sample curve is shown in Fig. 15 . Well away from resonance there is no correction to the DLFs needed, but at resonance, the relevant DLF is multiplied by the dropout factor, which has been shown in Figs. 10 and 14 to be a function of mass ratio and damping ratio. The width of the dropout region could be specified but since the resonant responses are of most importance it is possible that only the value of the dropout factor p would be needed. The writers recognize that if such an approach were to be adopted, a wider range of results for a range of jumpers, bobbers, and platform mass and damping ratios would be required. It is hoped that this work will be carried out in the future. 
Concluding Remarks
The purpose of this paper was to investigate the effects of structural mass and damping on the phenomena observed in previous tests when a test subject jumped or bobbed at resonance on a perceptibly moving flexible platform.
For the new platform configurations, as the platform mass and damping increases, the problem of not being able to jump at or near resonance reduces with reduced levels of platform motion around resonance. As the resonant amplitude decreases the subject is more able to maintain activity at the same frequency of the platform. Also, the degree of force dropout that occurs due to human-structure interaction becomes less significant. Similar trends are seen for bobbing, although, unlike jumping, it was possible to bob on all the platform configurations at resonance. It is believed that the test subject's ability to alter their style of bobbing to reduce the response to a comfortable level may explain this. For jumping, the motion is governed by the flight phase and instead the subject is forced to switch to a different jump frequency to reduce the response.
For both jumping and bobbing on all configurations, the dropout of force is still significant and could lead to significant reductions in calculated responses in a performance-based analysis. One method of taking into account the force dropout is to use a frequency-dependent "V-notch" type curve to multiply DLFs before carrying out the calculation. An alternative is to use a humanstructure interaction model such as is being developed under another study.
